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Abstract The transition from macroscopically brittle to macroscopically ductile deformation in
porous sandstones is known to be pressure dependent, with compactive, ductile behavior occurring only
once significant effective pressures have been reached. Within the crust, such effective pressures are
associated with burial depths in the range 0.5-6 km, where the temperature is likely 35°C-200°C. To test
the importance of such elevated temperature on the strength and deformability of sandstone, a series of
constant strain rate, triaxial deformation experiments were performed on three different water saturated
sandstones at either ambient temperature or 150°C. For each sandstone, an effective pressure range was
used which spanned both the brittle and ductile deformation regimes, up to a maximum of 120 MPa. In
the brittle regime, we observed a temperature-dependent lowering of the yield stress of between 8% and
17%. Within the ductile regime, we observed an even greater reduction in the yield stress of between 9%
and 37%. A further notable observation is that the transition from dilatant, brittle behavior to compactive,
ductile behavior tends to occur at a lower effective pressure at elevated temperature. The weakening
observed at elevated temperature can be explained by a reduction in fracture toughness, which is shown
mathematically to cause greater weakening in the ductile regime than in the brittle regime. The apparent
reduction in fracture toughness at elevated temperature is potentially driven by a combination of a
reduction in surface energy and, to a minor extent, an increase in subcritical crack growth rate.

1. Introduction

The inelastic deformation of porous sandstone under applied stress depends on the local physical and chem-
ical environment (e.g., Baud et al., 2000). The underlying deformation mechanisms can typically be grouped
into those corresponding either to the macroscopically brittle regime or the macroscopically ductile regime
(Bemabe & Brace, 1990; Bésuelle et al., 2003; Wong et al., 1997; Wong & Baud, 2012). The two regimes
are primarily delineated by the macroscopic volumetric change observed during deformation. The brittle
regime is often associated with an overall increase in volume due to dilatant cracking, whereas the ductile
regime is associated with an overall decrease in volume as a result of compaction, grain crushing and cata-
clastic flow. In nature, geological structures commonly exhibit deformation features that are characteristic
of both regimes. For example, joints and faults are representative of localized dilatancy that occurs in the
brittle regime (Aydin & Johnson, 1983), while compaction bands are an example of localized compaction
structures that can result from grain crushing in the ductile regime (Mollema & Antonellini, 1996). Similar
structures can be formed in laboratory experiments, and it has been demonstrated that the transition from
macroscopically brittle behavior to macroscopically ductile behavior is highly dependent on the effective
confining pressure (Handin et al., 1963; Wong & Baud, 2012; Wong et al., 1997).

Sandstone compaction is a phenomenon that has implications for many tectonophysical and geo-engineer-
ing applications, including fault mechanics, the earthquake cycle, reservoir productivity and reservoir man-
agement. Field measurements have shown that permeability reduction by several orders of magnitude as
well as development of permeability anisotropy can result from the evolution of sandstone compaction
structures (Fossen et al., 2007; Sternlof et al., 2006). These observations are complemented by results from
laboratory experiments, which have shown that sandstone compaction can lead to a reduction in permeabil-
ity of up to three orders of magnitude (Baud et al., 2012; Fortin et al., 2005; Zhu & Wong, 1997). The direct
implications of the volume reduction associated with sandstone compaction can be observed above and
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;2}’:)1;;, Mean Grain Diameter and Major Constituents of Bleursville, Locharbriggs, and Boise Sandstones

Sandstone Initial porosity (%) Grain size (mm) Major constituents

Bleursville 22.7 (x £ 1.5) 0.12 Quartz (66%), K-feldspar (28%), clays (4%) and mica (2%) (Heap et al., 2015)
Locharbriggs 243 (x £0.5) 0.20 Quartz (88%) and K-Feldspar (6%) (Mair et al., 2000)

Boise 32.3 (x+0.5) 0.27 Quartz (41%), Na-Feldspar (29%), K-Feldspar (22%) and clay (6%) (XRD

from Kocurek Industries)

around siliciclastic reservoirs, where the removal of pore fluid can lead to elastic and inelastic compaction
of the host rock (Teufel et al., 1991), leading to potential surface subsidence and seismicity.

The transition from the brittle to the ductile regime is pressure sensitive and is also a function of the grain
size, porosity and rock composition (Wong & Baud, 2012). For example, Boise sandstone has an initial po-
rosity of 35%, and macroscopic ductility is observed at effective pressures close to 5 MPa (Zhu & Wong, 1997)
(and data shown in this study). Whereas for lower porosity sandstones the transition will occur at much
higher effective pressures. For example, for Darley Dale sandstone with an initial porosity of 14% the tran-
sition commences at effective pressures closer to 100 MPa (Wong et al., 1997). Given the average density of
crustal rocks, and assuming they are saturated with water, these transition pressures correspond to a depth
range of between about 0.5 and 6 km. Taking an average geothermal gradient of 30°Ckm™ for the upper
crust (Chapman, 1986), then the temperature at these depths ranges from 35°C to 200°C. However, there
is currently a paucity of laboratory data exploring the effects of elevated temperature on sandstone defor-
mation. The limited amount of previous work available in the brittle regime suggests that a temperature
increase from ambient to 70°C can reduce the failure strength of sandstone by up to 9% (Heap, Baud, &
Meredith, 2009). To our knowledge, there is no systematic data set on the effect of temperature on sandstone
deformation in the compactive regime. Studies on unconsolidated quartz sand have shown that under tri-
axial stress conditions, a temperature increase caused a weakening only in the compactive regime, where
the hydrostatic grain crushing pressure, P*, was reduced by approximately 10% when the temperature was
increased from ambient temperature to 170°C (Choens & Chester, 2018; Karner et al., 2008). In contrast, the
brittle regime remained essentially unaffected (Karner et al., 2008). While these insights are useful, cement-
ed and lithified sandstones are expected to behave differently from uncemented and unlithified sand aggre-
gates (e.g., Hangx & Brantut, 2019). Thus, there remains a need to investigate the deformation behavior of
porous sandstones under the elevated temperature and pressure conditions prevailing in the upper crust.
Here, we report results from triaxial deformation experiments on three porous sandstones at temperatures
from ambient to 150°C and effective confining pressures from 5 to 120 MPa.

2. Sample Materials

Three sandstones of different porosity, grain size and composition were used in this study. Their key prop-
erties are presented in Table 1. Bleursville sandstone from Bleurville, Vosges, north-eastern France, is a pale
beige colored sandstone with reasonably high amounts of feldspar (28%) and clay (4%) in addition to quartz
(66%). Its grains are spherical to sub-spherical and have a fairly uniform diameter of about 0.12 mm, and
only the faintest trace of sedimentary bedding is visible. Previous studies on this material have shown that it
develops compaction bands at effective pressures above about 60 MPa (Baud et al., 2015; Fortin et al., 2005;
Heap et al., 2015). Locharbriggs sandstone is a relatively homogeneous, reddish sandstone from Dumfries,
south-west Scotland, with a high quartz content of 88%. Its grains are spherical, with a mean diameter of
around 0.2 mm. This material has been shown to produce deformation bands due to grain crushing in both
nature and in the laboratory (Mair et al., 2000). Samples of Locharbriggs sandstone show thin, sub millimet-
ric dark bands, which are separated by several centimeters from one another. These bands run continuously
through the larger 30 X 25 X 20 cm block from which the samples were cored from and the flat and linear
nature of these bands suggests that they are depositional features and not naturally formed deformation
beds. In the micrograph shown in Figure 1 (highlighted by red ellipse) such bands can be seen to represent
areas where the grain diameter has been reduced from about 0.2 mm to ~0.08 mm. Finally, Boise sandstone
from Idaho, USA, is considerably more heterogeneous than the other two sandstones, with a more varied
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Figure 1. Micrograph images of undeformed sample of Bleursville (left), Locharbriggs (center), and Boise (right). The red ellipse in the center image highlights
aregion of Locharbriggs sandstone where the grain diameter is smaller by a factor of about two, which corresponds to sub-millimeter dark bands present in the
undeformed Locharbriggs samples.
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grain size and a less regular grain shape. While the mean grain diamter is 0.27 mm (Table 1), Boise sand-
stone also contains larger grains of a millimeter or more in diameter distributed throughout the rock.

Cylindrical samples of 25 mm in diameter and with lengths in the range of 51-53 mm were cored from a
single block of each material, perpendicular to any sedimentary bedding, and their ends ground flat and
parallel to within <0.1 mm. Each sample was then oven dried at 60°C for a minimum of 48 h.
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Figure 2. Schematic diagram of the triaxial deformation apparatus used

in this study.

3. Experimental Apparatus

All experiments in this study were carried out using a conventional tri-
axial deformation apparatus in the Rock and Ice Physics Laboratory at
University College London. The apparatus comprises a 200 MPa capacity
pressure vessel mounted in a servo-hydraulically controlled 260 tonne
loading frame (Figure 2). Confining pressure is provided to the vessel by
means of a servo-controlled intensifier that uses silicone oil to provide
confining pressure up to a maximum of 120 MPa. A second servo-con-
trolled intensifier provides pore fluid pressure to the sample at up to
70 MPa. The changes in pore fluid volume, at constant pore fluid pres-
sure, can also be monitored throughout each experiment by means of a
linear variable differential transformer (LVDT) coupled to the intensifier
piston. Both intensifiers are capable of maintaining a constant set pres-
sure to a precision of +£0.1 MPa for the complete experiment duration.

The pressure vessel is fitted with three external band heaters which can
raise the temperature of the vessel and the enclosed sample assembly to
a maximum of 200°C. Internal temperature is measured by a thermocou-
ple located within the confining oil close to the sample. During experi-
ments, the oil temperature does not fluctuate from the desired set point
by more than 1°C and, due to thermal inertia, the variation in the sample
temperature is less than this. Calibration tests, performed by measuring
the temperature along the length of a hole drilled along the central axis
of a dummy sample, confirmed that the temperature varied by less than
1°C along the sample length, equivalent to a thermal gradient of less than
0.2°Ccm™,

Axial stress is applied to the sample via the loading ram mounted in
the cross-head of the loading frame. This can be operated in one of two
standard servo-controlled modes; (1) constant strain rate mode, where an
external LVDT is used to impose a constant rate of displacement (com-
pensated for the deformation of the loading train), and the applied load
is measured by an external load cell (compensated for seal friction), or
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(2) constant stress (creep) mode, where the load cell is used to maintain a pre-determined stress and the
LVDT is used to record the corresponding axial strain as a function of time. The axial stress measured by the
load cell is a combination of the maximum principal stress (o;) imposed on the sample and the confining
pressure (P.) within the vessel. In all our experiments, the samples were loading axisymmetrically, so that
P. = 0, = 03, and we use the Terzaghi effective pressure (Pef) so that Peg = P. — P, where P, is the pore fluid
pressure within the sample. The differential stress, Q, is therefore simply o; — P, and the effective mean
stress, P, is given by (o1 + 203)/3 — P, or, equivalently, Q/3 + Pe.

The stiffness of the loading column was determined by elastically deforming a steel sample of known length
and Young's modulus, and subtracting the calculated shortening of the steel sample from the total measured
shortening of the steel sample and loading column over a range of applied loads. The stiffness of the loading
system, calculated in this way, was 218 kN mm™, and this value did not change with either change in con-
fining pressure or change in temperature up to 200°C.

4. Experimental Procedure

Prior to each experiment, the oven dried sample was submerged in distilled water under vacuum for at least
2 h to saturate. The saturated sample was then inserted into a rubber jacket which was then slid over the
upper and lower pistons to provide a seal against ingress of the confining fluid (Figure 2). To start an exper-
iment, the sample assembly was inserted into the pressure vessel and the sealing nut tightened. Confining
pressure was then applied, initially by means of a hand pump to a value of 8 MPa, which was then main-
tained by the servo-controlled intensifier. A pore pressure of 5 MPa was then applied by the pore pressure
intensifier at a rate of 0.05 MPa s~ and the sample allowed to fully saturate at this pressure; saturation was
considered complete when the intensifier volume ceased to change. Note, if an experiment's target effective
pressure was 5 MPa then the initial pore pressure was applied and increased before the confining pressure
reached 5 MPa to ensure the sample was not precompacted at a higher stress than the experimental condi-
tions. The confining pressure was then increased to the desired experimental value at a rate of 0.05 MPas™",
and left for a minimum of 2 h to achieve pressure equilibrium.

For elevated temperature experiments, the external heaters were switched on prior to the final increase in
confining pressure. It took a little over 5 h for the system to reach equilibrium at a temperature of 150°C,
corresponding to an average heating rate of approximately 0.5°C min~". The sample was then deformed at
a constant strain rate of 1 x 107> s~ until either brittle failure occurred or 5% axial strain was reached, at
which point the experiment was stopped. The differential stress was removed slowly, at the same rate as
during loading. Confining pressure was then reduced to 10 MPa, again at a rate of 0.05 MPa s™". For elevated
temperature tests, the furnaces were then switched off and the vessel assembly allowed to cool to ambient
temperature (taking, on average, about 10 h). Once ambient temperature was achieved, the pore pressure
was decreased to zero, followed by the remaining confining pressure. The sample was then removed from
the pressure vessel.

In addition to the above triaxial deformation tests, a hydrostatic loading test was also performed on each
of the sandstones at both ambient temperature and at 150°C, in order to determine the grain crushing
pressure, P*, where that was feasible. This was achieved through incrementally increasing the confining
pressure in small steps and observing the consequential change in pore volume. The confining pressure step
size was initially 5 MPa, and this was reduced to 2 MPa as the expected P* value was approached. For each
step increase in confining pressure, the pore volume decreased due to compaction of the pore space. The
compaction continued for some time after the step increase in confining pressure, so the subsequent step
in confining pressure was only applied once the decrease in pore volume had ceased. The value of P* was
determined from the inflexion in the “hydrostat”; the plot of effective mean stress against porosity change.
Beyond P* the reduction in pore volume per unit of effective mean stress increases significantly due to grain
crushing.

Microstructural characterization of selected samples post deformation was carried out using a Zeiss GEMI-
NI 450 scanning electron microscope (SEM) using dual-channel secondary electron (SE) and backscattered
electron (BSE) imaging. The Zeiss ATLAS software was used to obtain whole thin section scale SEM images
with a resolution of 500 nm/pixel. The acceleration voltage was set to 20 kV at a beam current of 2 nA.
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5. Results

In order to span both the brittle and ductile regimes for each olf the three rocks, we conducted experi-
ments over a range of effective pressures from 5 to 120 MPa on Bleursville sandstone, from 5 to 100 MPa
on Locharbriggs sandstone, and from 5 to 35 MPa on Boise sandstone. For each value of effective pressure
on each sandstone, an experiment was carried out at ambient temperature (nominally 20°C) and at 150°C.
We first present stress-strain and porosity change results from experiments typical of each regime for each
rock type to highlight their differences and similarities. We then present porosity change data as a function
of effective mean stress for all effective confining pressures tested to highlight the transition from brittle to
ductile behavior. A summary of all the experiments, with their test conditions and key results is presented
in Table 2.

Results from constant strain rate experiments on Bleursville sandstone at effective pressures of 5-100 MPa,
and at temperatures of 20°C-150°C are given in Figure 3, where both differential stress and porosity change
are plotted against axial strain. At an effective pressure of 5 MPa, we observe typical brittle behavior. The
initial concave upwards parts of the stress-strain curves are followed by quasi-linear portions from around
0.25%-0.75% axial strain. The curves then deviate from linearity and roll over to peak stress; occurring at
51 MPa at 20°C and 46 MPa at 150°C (a decrease of around 10%). With further axial strain, a phase of strain
weakening is seen, which continues until macroscopic failure along shear faults oriented ~30° to the com-
pression axis. For the same experiments we observe an initial reduction in porosity, by 0.15% for the 20°C
test and 0.1% for the 150°C test. The samples then undergo a porosity increase (or dilation) when the axial
strain exceeds about 0.75%, corresponding to the point where the strain-curves deviate from linearity. By
the time that macroscopic failure occurs, the samples exhibits net porosity increases of 0.6% and 0.5% for
20°C and 150°C, respectively (i.e. an increase in porosity from 22.7% to 23.3% and 23.2%). By contrast, at
an effective pressure of 100 MPa we observe behavior that is typical of the ductile regime. The stress-strain
behavior beyond the initial quasi-linear phase is marked by brief plateaux, occurring at a differential stress
of 97 MPa at 20°C and 77 MPa at 150°C, a decrease of around 20%. These stress plateaux are indicative of
cataclastic flow and last for approximately 0.5% axial strain. They are followed by phases of strain hardening
that continue until the experiments are terminated at 5% axial strain. Following an initial settling-in phase,
the porosity at this effective pressure decreases linearly with increasing axial strain for the remainder of
both experiments, with overall reductions of 3.2% and 3.5% at 20°C and 150°C, respectively.

Qualitatively, the behavior of Locharbriggs sandstone, deformed under the same effective pressure and
temperature conditions, is broadly similar to that of Bleursville sandstone, and the results are illustrated
in Figure 4. At an effective pressure of 5 MPa, the samples of Locharbrigss sandstone exhibited a similar
pattern of brittle deformation with the peak stress occurring at 62 MPa and 50 MPa for tests at 20°C and
150°C, respectively, which represents a reduction of 18% at elevated temperature. Prior to failure, both
samples exhibited a net porosity increase of around 0.7%. For the tests carried out at an effective pressure
of 100 MPa, the stress-strain behavior is very similar to that of Bleursville sandstone for the first 1% of
axial strain, but with peak stresses of 131 and 111 MPa, for temperatures of 20°C and 150°C, respectively.
Following these peak stresses, rather than the stress plateaux observed for Bleursville sandstone, we see
stress drops of 10-20 MPa, followed by recovery. After recovery, the stress is then seen to fluctuate rather
than strain harden in a uniform manner. The change in porosity of Locharbriggs sandstone follows a very
similar pattern to that of Bleursville sandstone at the same effective pressure. Porosity decreases linearly
with increasing axial strain throughout the duration of both experiments, accumulating total reductions of
around 3.5% at both temperatures after 5%-6% strain (Figure 4d). We also note that there do not appear to
be any discernible fluctuations in the porosity change curves associated with the stress drops that are clearly
seen in the stress-strain curves (Figure 4b).

By comparison with Bleursville and Locharbriggs sandstones, the stress-strain behavior of Boise sandstone
deformed at an effective pressure of 5 MPa is qualitatively different, as shown in Figure 5a. Boise sandstone
does not exhibit an extended period of strain weakening before the peak stress, neither does it exhibit a
significant stress drop at failure. It is also much weaker than either of the other two sandstones, with peak
stresses of 22 and 19 MPa at 20°C and 150°C, respectively; corresponding to a decrease of 12% at the higher
temperature. The change in porosity of Boise sandstone during deformation at P.sz = 5 MPa is also differ-
ent from that of the other two sandstones, as illustrated in Figure 5c. This material exhibits compaction
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Table 2
Summary of Experimental Conditions and Results

Diff. Stress  Diff. Stress  Reduction in diff. Peak stress or Reduction in peak

Py Temperature at C’ at C* Stress at yield at cataclastic flow stress or cataclastic
(MPa) (°C) (MPa) (MPa) 150°C (%) stress (MPa) flow stress at 150°C (%)
Bleursville
5 20 18 = = 45 =
5 150 15 - 17 51 11
20 20 39 = = 84 =
20 150 36 = 8 64 24
25 20 - 57 - 81 -
25 150 - 45 21 74 9
35 20 = 60 = 94 =
35 150 = 51 15 82 13
55 20 - 78 - 107 -
55 150 - 57 27 87 18
80 20 = 81 = 101 =
80 150 = 54 33 81 19
100 20 - 63 - 97 -
100 150 = 48 24 77 20
120 20 = 57 = 93 =
120 150 = 36 37 66 30
Locharbriggs
5 20 33 = = 62 =
5 150 30 = 9 49 20
25 20 84 - - 105 -
25 150 - 69 18 99 3
55 20 = 96 = 133 =
55 150 = 87 9 122 8
80 20 - 90 - 133 -
80 150 - 75 17 125 6
100 20 = 93 = 131 =
100 150 - 72 23 111 15
Boise
5 20 = 14 = 22 =
5 150 - 11 23 19 12
20 20 - 12 - 22 -
20 150 - 9 25 19 10
30 20 = 11 = 19 =
30 150 = 8 29 122 33

throughout the duration of both experiments, with no indication of any dilatancy or volume increase. The
total porosity reduction at failure is around 0.5% for both temperatures. At an effective pressure of 30 MPa,
the stress-strain behavior of Boise sandstone (Figure 5b) is qualitatively similar to that of Bleursville sand-
stone in the high pressure regime, with inflexions in the stress-strain curves at 22 and 19 MPa for 20°C
and 150°C, respectively. Again, the porosity change curves for both experiments at Py = 30 MPa show
compaction that increases linearly with increasing axial strain throughout (Figure 5d), resulting in overall
porosity reductions of around 2.2% at both temperatures.
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Figure 3. Differential stress and porosity change (in percentage points) as a function of axial strain for Bleursville
sandstone, deformed at P = 5 MPa (a),(c) and at Pz = 100 MPa (b),(d) while at room temperature (blue curves) or
150°C (red curves).

The evolution of porosity reduction as a function of effective mean stress for all tested effective confining
pressures and temperatures on Bleursville, Locharbriggs and Boise sandstone are presented in Figures 6-8,
respectively. For each experiment, any deviation away from the hydrostat marks the onset of inelastic defor-
mation, or the yield point. Deviation toward the left indicates dilatancy and porosity increase, while devia-
tion to the right indicates compaction and porosity decrease. We term the onset point of inelastic dilatancy
as C’, and the onset point of inelastic compaction as C*. For clarity, we only plot the ambient temperature
hydrostat in Figures 6 and 7 since we find no significant difference between the gradient of the 20°C and
150°C curves (see Figure Al in Appendix A).

The observed mechanical behavior was brittle, dilatant at low effective pressure (Pt = 5 and 20 MPa in
Bleursville sandstone, Py = 5 and 25 MPa in Locharbriggs sandstone), and was ductile, compactant at high
effective pressure (Pt > 55 MPa in Bleursville and Locharbriggs sandstone, P > 20 MPa in Boise sand-
stone). At intermediate effective pressures (starting as low as 5 MPa in Boise sandstone), the samples exhib-
ited strain weakening and shear failure, but experienced net compaction. In all regimes, the yield stress and
either the peak stress (in the brittle/intermediate regimes) or the flow stress (in the ductile regime) were
significantly lower at 150°C than at room temperature (Table 2).

For Boise sandstone, it was possible to access the hydrostatic grain crushing pressure (P) in our deformation
apparatus at both test temperatures, and these points are indicated in Figure 8. The grain crushing pressure
was reached at 38 MPa at 20°C and 35 MPa at 150°C.

By compiling all the dierent yield points (C', C* and P*) from all the experiments on all three sandstones
in both the brittle and ductile regimes, we can construct a family of yield envelopes for each test tempera-
ture. These envelopes are presented in Figure 9, plotted in dierential stress (Q) versus eective mean stress
(P) space. For Bleursville sandstone (Figure 8a), the yield points produce a near linear Q(P) relation in the
brittle regime, and an elliptical curve is fitted to the yield points for both temperatures in the ductile regime
using the method of Wong et al. (1997) (see also Baud et al., 2000).
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Figure 4. Differential stress and porosity change (in percentage points) as a function of axial strain for Locharbriggs
sandstone, deformed at P.;; = 5 MPa (a),(c) and at Pz = 100 MPa (b),(d) while at room temperature (blue curves) or
150°C (red curves).

The elliptical envelope is assumed to be of the form

P/ P*= y+ (- y)cosd, (1)

Q/ P* = §siné, ()

where 6 ranges from 0 to 7z/2 and both y and & correspond to dimensionless parameters with values of be-
tween 0 and 1. Wong et al. (1997) established, for a number of sandstones, that the yield envelope can be
well described by Equations 1 and 2 with y = 0.5 and a value of § between 0.5 and 0.7. Since the value of P*
was not attainable for Bleursville and Locharbriggs sandstones in our experimental setup, we used values
of & that gave the best fit to the available experimental data at each temperature. For Bleursville sandstone,
this resulted in a value of § = 0.51 at 20°C, and a value of § = 0.375 at 150°C. Using these values and ex-
trapolating the curves to Q = 0 gives estimated values of P* of 160 + 4 MPa and 150 + 3 MPa for 20°C and
150°C, respectively. For Locharbriggs sandstone, the value of § derived from the best fit curves was 0.50
for both temperatures, which yields values of P* of 187 + 5 MPa at 20°C and 162 + 6 MPa at 150°C. Boi-
se sandstone produced a much smaller yield envelope when compared with Bleursville and Locharbriggs
sandstone (Figure 9c). We found best fit values of y = 0.3 for both temperatures and § = 0.32 and 0.28 for
20°C and 150°C, respectively.

Overall, for all three sandstones, we observe a significant contraction in the yield envelopes as temperature
is raised from ambient to 150°C, indicating a concomitant reduction in the stress required to initiate inelas-
tic deformation at elevated temperature.

6. Deformation Structures

The stress-strain curves presented earlier can, in general, be grouped into two categories. One where a
sharp stress drop was observed, and one where the samples continued strain hardening until the experi-
ment was terminated. The first category is characteristic of the brittle deformation regime and occurred at
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Figure 5. Differential stress and porosity change (in percentage points) as a function of axial strain for Boise
sandstone, deformed at P, = 5 MPa (a),(c) and at Pz = 30 MPa (b),(d) while at room temperature (blue curves) or

150°C (red curves).
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Figure 6. Porosity change (in percentage points) as a function of effective
mean stress for constant strain rate experiments on Bleursville sandstone
at a range of effective pressures. Blue curves indicate room temperature
tests and red curves represent experiments carried out at 150°C. A
deviation away from linearity marks the yield stress, with a deviation to the
left indicating dilatancy and a deviation to the right indicating compaction.
The black curve indicates the elastic compaction as a result of an applied
hydrostatic stress.

lower effective pressures. Experiments ending in this fashion typically
had a singular or a series of shear fractures running through the sam-
ples, and as shown in Figures 6-8, the samples used in these experiments
underwent some degree of dilation after the yield point. The second cat-
egory occurred at higher effective pressures and is therefore represent-
ative of the ductile deformation regime where compaction is occurring
for the duration of the experiment. In these experiments, the samples
had no clear fracture within them, and often had regions of reduced
grain cohesion and increased damage. These two categories present
themselves as different styles of deformation which can be seen macro-
scopically at the end of the experiment. Figure 10 shows two Bleursville
sandstone samples deformed at an effective pressure of 5 MPa while at
either room temperature or 150°C. In both samples, one sample-scale
fracture can be seen running at ~30° from the direction of applied load.
Most experiments which ended with a large stress drop had one large
fracture running through the sample, although a few appeared to have
multiple, or conjugate pairs of faults within the sample. Figure 11 shows
two Bleursville sandstone samples deformed at an effective pressure of
35 MPa, while at either room temperature or 150°C. These samples are
representative of Bleursville sandstone samples deformed at an effective
pressure of 35 MPa and above. Both of the samples exhibit areas where
the material is less cohesive than the macroscopically undamaged ar-
eas of the rock. The sample deformed at a temperature of 150°C has a
horizontal crack running through the sample, which was most proba-
bly formed during the extraction of the sample from the pressure vessel
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150°C. A deviation away from linearity marks the yield stress, with a
deviation to the left indicating dilatancy and a deviation to the right
indicating compaction. The black curve dicates the inelastic compaction as
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Figure 8. Porosity change (in percentage points) as a function of
effective mean stress for constant strain rate experiments on Locharbriggs
sandstone at a range of effective pressures. Blue curves indicate room
temperature tests and red curves represent experiments carried out at
150°C. A deviation away from linearity marks the yield stress, with a
deviation to the left indicating dilatancy and a deviation to the right
indicating compaction. The curves labeled hydrostats, indicates the
compaction as a result of an applied hydrostatic stress, with the deviation
away from linearity indicating the P*value.

or jacket. To the eye, there appears to be no macroscopically difference
between the samples deformed at room temperature and at elevated
temperature.

Figures 10 and 11 include BSE micrographs of each of the samples rep-
resented in the macroscopic photos. The location of the selected micro-
graphs is indicated on a BSE scan of the whole sample. These locations
were chosen as they represent areas of the sample which have experi-
enced the greatest amount of deformation. For the samples deformed at
an effective pressure of 5 MPa, the regions of high damage are located
close to the sample scale fracture. In the samples deformed at an effective
pressure of 35 MPa the highly damaged regions are much broader than
the samples deformed at lower pressure, and correspond to the areas of
reduced cohesion in the macroscopic photos. BSE micrographs of the re-
gions of the samples which are relatively undamaged are presented in
Appendix B, Figures B2, and B3.

At an effective pressure of 5 MPa the area surrounding the shear frac-
ture includes highly fractured grains which due to the massively reduced
grain size exhibit signs of cataclasis. Slightly further away from the large
shear fracture, the grains exhibit intragranular (within a single grain),
intergranular (along grain boundaries), and transgranular (across mul-
tiple grains) fracturing. All of these deformation features are visible in
the sample deformed at room temperature and at 150°C, which indi-
cates that similar mechanical processes are driving the deformation at
both temperatures. For the samples deformed at an effective pressure of
35 MPa, the sample scale scan indicates that both samples contain small
sub-horizontal cracks running the breadth of the sample. Due to the ori-
entation of these fractures, the most likely explanation is they formed
during the extraction of the sample from the vessel or jacket. The loca-
tion of these cracks are also indicative of the highly damaged regions
within the sample. The BSE micrographs show that many of the grains
are highly fractured and the preferred orientation of these fractures is
vertical to sub-vertical. The fractures often originate from contacts with
other grains, which is a indicative of Hertzian style fracturing. In com-
parison to the relatively undamaged regions, shown in Appendix B,
Figures B2 and B3, it is observed that there is a drastic reduction in the
visible porosity, which results from infilling of the pore space by crushed
grains. There does appear to be a slightly higher crack density in the sam-
ple deformed at room temperature compared to the sample deformed at
150°C. The most probable explanation for this, is that at room tempera-
ture the sample was taken to 5.5% axial strain compared to 4.1% strain
for the sample deformed at 150°C. Regrettably, sample preservation in
this study was poor and a full in-depth microstructural analysis which
would offer a more statistically meaningful insight was not possible. De-
spite the slight difference in apparent crack densities, it would appear
that the same physical processes are occurring at both temperatures. In
the samples deformed at 150°C, we did not detect any evidence of ad-
ditional pressure solution features beyond those already present in the
undeformed rock.

Figure 12 shows a micrograph of the hydrostatically deformed Boise
sandstone sample at room temperature presented in Figure 8. In this
image, many of the grains have been fractured, indicating that inelastic
deformation has occurred at a stress 5 MPa past P*, this is in contrast to
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the ductile regime, with the dotted part corresponding to the areas of extrapolation.

the undeformed sample presented in Figure 1. The fractures do not indicate any preferred orientation and
seem randomly distributed throughout the sample.

7. Discussion

7.1. Mechanical Behavior

The differential stress versus axial strain curves shown in Figures 3-5 at 5 MPa effective confining pressure
are characteristic of sandstone deformation in the brittle regime (Baud et al., 2000; Wong et al., 1997). The
initial concave up phase is typically associated with the closure of pre-existing microcracks and pores, and
is followed by a quasi-linear elastic phase up to C’. When C’ is reached, dilatant microcracking initiates
within the sample and the net amount of compaction is reduced, causing the deviation away from linearity
of the porosity evolution curves in Figures 3 and 4. With increasing stress, dilatant microcracking becomes
dominant and the net change in sample volume becomes positive and dilatant. Increasing the temperature
to 150°C did not alter the general shape of the curves for all three sandstones. However, the values of C’ and
peak stress are reduced by 9%-17% in Bleursville sandstone, and by 10%-19% in Locharbriggs sandstone.
This is comparable to results reported by Heap, Baud, Meredith (2009) where an increase in temperature
from room temperature to 75°C corresponded to a reduction in C’ by 6%-10 % for Bentheim, Darley Dale,
and Crab Orchard sandstones. In Boise sandstone (Figures 5a and 5c), compaction is dominant throughout
the experiments at Py = 5 MPa and all temperature tested, which indicates that the samples accommodated
deformation by localized compaction within compactant shear bands.

At intermediate effective pressure (Bleursville sandstone at Py = 20 MPa and Locharbriggs sandstone at
Pgr = 25 MPa), the behavior is transitional between dilatant-brittle and purely compactant-ductile. Under
those conditions, more compaction is observed in the samples tested at 150°C than at room temperature
(Figures 6 and 7), which implies that higher temperatures would tend to lower the stress conditions for the
brittle-ductile transition.

At elevated effective pressure (P > 50 MPa in Bleursville and Locharbriggs sandstone, Py > 20 MPa in
Boise sandstone), the mechanical behavior is characteristic of the ductile regime: the yield point is marked
by increased compaction, which is the result of intragranular cracking and grain crushing. This behavior is
qualitatively similar at 150°C and at room temperature, but with a systematic reduction in yield stress and
flow stress (by 6%-37% depending on the rock) at higher temperature.

The weakening effect due to the temperature increase is in general more pronounced in the ductile regime
than the brittle regime when measured in terms of the absolute stress reduction (Figure 9). In the following,

JEFFERD ET AL.

11 of 26



~~1 | . .
AGU Journal of Geophysical Research: Solid Earth 10.1029/2020JB020202

ADVANCING EARTH
AND SPACE SCIENCE

Bleursville, Axial Strain = 1.2%, (C)
P =5 MPa, Temp. = 20° C.
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Bleursville, Axial Strain = 1.2%,
P, =5 MPa, Temp. = 150° C.

d
(d) @)

Figure 10. Bleursville sandstone samples deformed at Pz = 5 MPa, and either room temperature (a, b, and c) or 150°C (d, e and f) to ~1.2% axial strain before
failure. In all images, the compressional axis is vertical. Included is a photo of the sample post deformation (a) and (d), a BSE scan of ~40 mm of the 53 mm
long sample (b) and (e), and a 100 times zoom of a highly damaged area (c) and (f), the location of which is indicated by the red box on parts b and (e) The
photos and the sample scale BSE scans have the same scales which are indicated by the 10 mm scale bars. Additionally, they are only aligned in the direction
of compression and not necessarily on the viewing axis. In parts ¢ and f, the yellow notations are: Inter, intergranular (grain boundary) fracturing; Intra,
intragranular (within singular grain) fracturing; TG, transgranular (across multiple grains) fracturing; Frac, sample scale fracture; Cat, cataclastic texture.

we examine the possible mechanisms that can explain the weakening produced by relatively modest tem-
perature increase (here only 130°C) under water saturated conditions.

7.2. Mechanism of Temperature Weakening

Three primary mechanisms can be considered to explain the weakening observed at elevated temperature:
intergranular pressure solution, a reduction in fracture toughness or an increase in crack growth kinetics.
From the limited microstructural observations, we have inferred that there is no observable difference in
the micromechanical process occurring at either room temperature or at 150°C, and elevated temperature
appears to only impact the stress level at which deformation occurs.
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P, =35 MPa, Temp. = 20° C.
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Bleursville, Axial Strain = 4.2%,
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Figure 11. Bleursville sandstone samples deformed at P = 35 MPa, and either room temperature (a, b, and c) or 150°C (d, e and f) to 5.5% (a, b and c) or 4.2%
(d, e and f) axial strain. In all images the compressional axis is vertical. Included is a photo of the sample post deformation (a) and (d), a BSE scan of ~40 mm
of the 53 mm long sample (b) and (e), and a 100 times zoom of a highly damaged area (c) and (f), the location of which is indicated by the red box on parts b
and (e) The full BSE scan in part e, is only half the width of the other sample scans displayed in the manuscript. The photos and the sample scale BSE scans
have the same scales which are indicated by the 10 mm scale bars. Additionally, they are only aligned in the direction of compression and not necessarily on the
viewing axis. In parts c and f, the yellow notations are: Inter, intergranular (grain boundary) fracturing; Intra, intragranular (within singular grain) fracturing;
TG, transgranular (across multiple grains) fracturing; PC, pore collapse and grain crushing; HF, Hertzian style fracturing.

7.2.1. Intergranular Pressure Solution

Intergranular pressure solution involves the dissolution of grain material at highly stressed grain contacts
prior to the diffusion and precipitation of this material to lower stressed grain boundaries. This process
is known to have a temperature dependence and 150°C is often seen as the lower bound temperature at
which it is detectable in quartz rich rocks (e.g., Niemeijer et al., 2002; Rutter, 1976). Using a dissolution
limited pressure solution model combined with theoretical values utilized in previous studies (Niemeijer
et al., 2002; X. Zhang et al., 2010), it is possible to calculate the expected strain rate due to pressure solution
at 150°C. This model assumes dissolution is the limiting factor in the rate of pressure solution and uses an
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assemblage of spherical quartz grains packed in a simple cubic arrange-
ment so that the strain rate due to pressure solution is

¢ = 6Q x 10(-174-0002028T-4158/) | o BPQ ) _ 1S 3)
RT d’

where € is the volumetric strain rate, Q is the molar volume of quartz, T is
the temperature, d is the grain diameter, fa non-dimensional grain pack-
ing factor, B a stress amplification factor, R is the Boltzmann constant,
and P the effective pressure. Both the grain packing factor and the stress
amplification factor are a function of the matrix geometry and for sim-
ple, regular geometries can be calculated explicitly. However, due to the

Figure 12. An optical micrograph in crossed polarized light of Boise more complex and irregular arrangement of grains in natural samples,

sandstone hydrostatically deformed to 43 MPa, which is 5 MPa higher than

the inferred value of P*.

these calculations become much more convoluted and are not neces-
sary for order of magnitude computations. Therefore following X. Zhang
et al. (2010), we deem it appropriate to assume a value of one for the
stress amplification factor and a value of six for the grain packing factor.

When a grain diameter of 0.1 mm is used at an effective pressure of 100 MPa, the theoretical strain rate
would be of the order of 107 s™ at 150°C. As this is four orders of magnitude lower than the imposed axial
strain rate, it would suggest that pressure solution would not play a significant role in sandstone compaction
under our laboratory conditions. This is in agreement with Figures 10 and 11 which show that microcrack-
ing is heavily present in the samples deformed at 150°C, while no significant evidence of pressure solution
features (beyond those already present in the intact rock) could be detected.

7.2.2. Reduction in Internal Friction and Fracture Toughness

The weakening observed at elevated temperature is analogous to the water weakening effect analyzed by
Baud et al. (2000), which was interpreted as a reduction in surface energy. Here, we adopt a similar ap-
proach and propose that a reduction in fracture toughness at elevated temperature can explain the observed
weakening.

Many previous studies have identified that the inelastic compaction of porous rocks is accommodated
by grain crushing and the infilling of pore space (Menéndez et al., 1996; Wong & Baud, 2012; J. Zhang
et al., 1990). Grain crushing is initiated by the propagation of Hertzian cracks due to the high compressive
stresses generated at the small contact area between two adjacent grains. This microfracturing process can
only occur at high confining pressure, since high normal stresses are needed to prevent any slip between
grains or along pre-existing microcracks. Wong et al. (1997) showed that the elliptical yield envelope for po-
rous sandstone scales with the magnitude of P*. It would therefore follow that the shrinkage of the compac-
tive yield envelope due to the temperature increase should correspond to a reduction in the magnitude of
P*; this is indeed the case in Boise sandstone (for which P* could be reached in our apparatus; see Figure 8).

Under purely hydrostatic conditions, J. Zhang et al. (1990) showed that the grain crushing pressure P* in
granular aggregates is given by
22 3
T=22 (21 v 3 Klg/z’
E*(1-2v)* (gc)

“4)

where v and E are the Poisson's ratio and Young's modulus of the grains, ¢ is the porosity of the aggregate,
K is the critical value of the stress intensity factor and ¢ the length of pre-existing microcracks at the grains
surface.

The data presented in Figure Al showed that under hydrostatic loading the increased temperature in-
creased the elastic compaction of Bleursville sandstone by ~15%. Taking the gradients of the elastic por-
tion of the stress-strain curves shown in Figures 3-5, it is possible to compute the Young's modulus of
each sample. The average calculated Young's moduli were 9.3 GPa and 8.3 GPa for Bleursville sand-
stone at room temperature and 150°C respectively. For Locharbriggs sandstone, the Young's modulus was
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10.2 GPa and room temperature and 11.2 GPa at 150°C, and for Boise sandstones the values were 4.0 GPa
at room temperature and 2.8 GPa at 150°C. Figure A2 shows the Young's modulus as a function of ef-
fective pressure for each rock type, and it can be seen for Bleursville and Locharbriggs in particular, that
there is no clear correlation between the Young's modulus and either the effective pressure nor the tem-
perature. For Boise sandstone the Young's modulus is consistently lower at 150°C than room temperature
for all experiments. However, the reduction observed in Boise sandstone at elevated temperature is on
the order of 1 GPa, which is much lower than the + 4 GPa deviation from the average that all three rocks
exhibited. Combined with the hydrostatic deformation curves, it is therefore probable that the elastic
modulus of the rocks is only being altered by negligible amounts as a result of the increased temperature.
If we further consider that the pre-existing crack length and porosity are also unchanged by moderate
changes in temperature, any decrease in P* at elevated temperature can be represented in a reduction in
the magnitude of Kjc to a lower value. The ratio between the room temperature value of P* and the value
at 150°C is thus

3
K
:M’ (5)

Piso
Py K 1C(20)

where subscripts denote the temperature in °C.

The P* values measured in the experiments or estimated from the extrapolated yield curves (Table 3) show
that a reduction of just 3%-4% in K¢ is sufficient to explain the observed reduction in yield stress in the
compactant regime.

In addition to a reduction in yield stress in the ductile, compactant regime, our results also show that the
temperature increase also tends to reduce the yield stress in the brittle, dilatant regime, but in smaller pro-
portions. This can be understood by considering a simple conceptual fracture mechanics model for yield
in the brittle regime. Several approaches have been proposed to model the yield stress in the brittle regime,
which is generally attributed to the onset of mode I crack opening around preexisting flaws such as grain
boundaries, sliding cracks or pores (e.g.,Ashby and Hallam, 1986; Ashby & Sammis, 1990; Nemat-Nasser
& Horii, 1982; Sammis & Ashby, 1986). Here we follow the choice of Baud et al. (2000) and use the slid-
ing wing crack model, which, in its simplest form, considers isolated, two dimensional preexisting closed
microcracks (e.g., a grain boundary) that can slide with a static friction coefficient u. With increasing axial
stress o; at a given lateral stress o;, the preexisting microcracks will start sliding once the frictional forces
are overcome. The sliding motion imparts a tensile stress at the crack tips, which eventually leads to the
nucleation and growth of tensile “wings” emanating from the original sliding flaw. The stress state at the
onset of tensile fracturing at the tips of microcracks optimally oriented for sliding is given by Ashby and
Hallam (1986)

A1+ /JZ +u \/3 Kic

= \/1+lu2 _lu0'3+\/1+lu2 oy ”a7

where a is the half-length of the sliding crack. At a given friction coefficient and confining pressure, the

(6)

O]

yield stress in the brittle regime scales linearly with K| / «/7wa, whereas the grain crushing pressure P* and
thus the yield stress in the ductile regime scales with (K / \/; )® (see Equation 4). This is qualitatively
consistent with our observation that an increase in temperature, if indeed responsible for a reduction in
fracture toughness, would have a stronger weakening effect in the ductile regime compared to the brittle
regime. Such considerations are somewhat independent from the specific choice of model for the brittle
yield stress, since most models based on fracture mechanics, including those involving crack growth from
open pores (Sammis & Ashby, 1986; Wong, 1990), generally predict that the critical stress at yield point in
the brittle regime scales linearly with K¢ / \Jza, where a is the dimension of the defect from which tensile
cracks emanate.

Despite this general qualitative agreement, quantitative consistency is difficult to establish. In Bleursville
sandstone, at an effective pressure of 5 MPa the onset of dilatancy occurred at 18 MPa differential stress. If a
friction coefficient of 0.6 is used, which is common to most rocks (Byerlee, 1978), we infer from Equation 6
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Table 3

The Inferred and Measured Values of P*, the Ratio of P* at Room

K
that \/ﬁ is approximately equal to 2.5 MPa, which is of similar mag-
ra

Temperature and 150°C, and the Percentage Reduction in the Value of P* nitude to values found by Wu et al. (2000) for Darley Dale (3.21 MPa)

and K;c at Elevated Temperature

and Berea sandstones (4.71 MPa). From our analysis in the ductile re-

p]_*so Kie gime (Equation 5), we have inferred a 3% reduction in the value of Kjc at

P e P}, MPa % MPa Py reduction 150°C, which would correspond to only a 0.2 MPa or approximately 1%
reduction in the differential stress at C’. This small, almost negligible re-

Lilatisalls el 1= s, s duction in yield stress is inconsistent with our data, which indicate that a
Locharbriggs 188 162 0.86 4% temperature increase to 150°C reduced the onset of dilatancy by 8%-18%
Boise 40 36 0.9 3% (Table 2). To achieve a reduction in yield stress at C’ of up to 18%, Kc

would need to decrease by nearly 40%, which cannot be reconciled with
the data in the ductile regime.

One way to solve the quantitative discrepancy between the inferred reduction in Kjc from the ductile regime
and the data in the brittle regime is to assume that an increase in temperature also leads to a decrease in
internal friction coefficient. If the coefficient of friction is reduced from 0.6 to 0.55 in combination with
a 4% reduction in Kj¢, the reduction in differential stress at C’ in Bleursville sandstone at 5 MPa effective
confining pressure is of around 3 MPa, i.e., 17%, which is in agreement with our data. Such a small decrease
in friction at 150°C is of similar magnitude to that inferred by Baud et al. (2000) from dry to water-saturated
conditions.

Overall, our analysis based on micromechanical models shows that a modest reduction in fracture tough-
ness, by a few percent, is sufficient to explain the observed shrinkage of the yield envelope at 150°C. An
additional small reduction in internal friction, by around 10%, appears to be necessary to quantitatively
explain the decrease in yield stress in the brittle, dilatant regime. The inferred decrease in fracture tough-
ness with increasing temperature is consistent with the decrease of fracture energy in quartz single crystals
reported by Darot et al. (1985). It is also broadly consistent with fracture toughness measurements obtained
on bulk rock samples for mode I cracks much larger than the grain size; although an initial slight increase
in toughness is typically measured from room temperature to around 100°C in most rocks (e.g., Balme
et al., 2004; Feng et al., 2018; Meredith & Atkinson, 1985), the increase is generally attributed to microcrack
toughening that leads to local arrest of the macroscopic fracture (Lawn, 1993). Such structural effects are
not expected to be operative at the scale of microcracks propagating at the grain scale, which explains why
our results are more consistent with single crystal rather than bulk rock toughness measurements.

The inferred decrease in internal friction is more challenging to relate to independent measurements. While
a wealth of rock deformation literature has been devoted to measuring friction coefficient in rocks and
gouges, the effect of temperature up to 150°C is very subtle (e.g., Blanpied et al., 1995). Qualitatively, ex-
periments conducted on quartz gouge tend to show that increasing temperature produces a weakening
(Chester, 1994), which is consistent with our data. However, Chester (1994) interpreted this weakening as a
bulk phenomenon in gouge resulting from thermally activated crack growth kinetics, and it is not clear that
this effect should occur at the microscopic scale relevant to the wing crack model, which clearly separates
friction and cracking processes. In pure quartz sand, Karner et al. (2008) report a negligible effect of tem-
perature on the yield behavior at low effective confining pressure. Our results would therefore imply that
feldspar and clays play a role in the observed weakening at increasing temperature. In this respect, the effect
of temperature is very similar to the effect of water on the yield envelope of sandstones, which is negligible
in pure quartz sandstones (Reviron et al., 2009) but is significant in feldspar- and clay-bearing sandstones
(Baud et al., 2000).

7.2.3. Increase in Crack Growth Kinetics

In the previous Section we interpreted the weakening of sandstone due to a moderate temperature increase
as due to a small reduction in fracture toughness. Fracture toughness can be considered as an upper bound
for the stress intensity factor required to propagate a microcrack: at stress levels such that K; < Kjc and in
chemically active environments (such as water), cracks tend to propagate subcritically due to chemical re-
actions occurring at highly stressed fracture tip (e.g., Anderson & Grew, 1977; Atkinson, 1984; Lawn, 1993).
Subcritical crack growth is generally considered to result from thermally activated processes, and in silicate
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rocks and quartz single crystals even a relatively modest increase in temperature, of the order of a few tens
of degrees, can produce orders of magnitude increases in crack growth rate (e.g., Darot & Guéguen, 1986;
Meredith &, Atkinson, 1985). Here, we examine the possibility that the apparent decrease in fracture
toughness at elevated temperature could be the manifestation of the temperature dependence of subcriti-
cal cracking.

In order to establish how changes in crack growth kinetics can be connected to changes in strength, we first
need to recall the key end-member cases in the possible relationships between applied stresses and crack
growth rate. Based on the framework of irreversible thermodynamics, Rice (1978) derived a general rela-
tionship between crack growth rate v, the energy release rate G, and surface energy y:

(G -2y)v >0, @)
where we recall that G is related to the stress intensity factor K as

-2

G = K} ®)

Equation 7 implies that G is expected to be larger than twice the surface energy for crack growth to occur at
any appreciable rate. In general, subcritical crack growth rate is observed to vary as a function of G accord-
ing to one of three main regimes (schematically shown in Figure 13): for G near 2y (regime I), crack growth
rate is limited by reaction rate at the crack tip; at increasing G (regime II), crack growth rate is limited by
the diffusion rate of chemical species to the crack tip; at large G (regime III), crack growth becomes rate in-
dependent and is controlled by the strength of atomic bonds within the material. It is generally considered
that the fracture energy G, = (1 —v*)Kf. / E corresponds to the upper bound of G for “fast” crack propa-
gation (where v can be as high as the Rayleigh wave speed of the material), so that G. — 2y > 0 includes
dissipative processes (Guéguen & Palciauskas, 1994; Maugis, 1985). For 2y < G < G,, crack growth rate is
expected to be nonzero and is influenced by environmental conditions, notably chemical activity of species
in contact with the crack surface, as well as temperature (Rice, 1978).

Our experiments were all conducted at constant strain rate. One possibility is that crack growth rate is
always high, so that deformation is primarily driven by increasing stress and crack propagation is well
described by a simple G = G, criterion. In that scenario, rate effects are negligible, and the weakening
observed at high temperature would be the direct consequence of a decrease in Kic, i.e., a decrease in
G, to G'.. However, the underlying physical process driving the decrease in toughness with increasing
temperature is unclear: Darot et al. (1985) report a decrease in fracture energy in quartz at elevated
temperature, which was interpreted as a decrease in surface energy y. In principle, a decrease in y
could lead to a decrease in G, (Figure 13, red dashed curve), but this would require that the dissipa-
tion processes involved in G, remain comparable to 2y. An alternative analysis is that, with increasing
temperature, rate effects such as subcritical crack growth become significant and allow crack growth
to occur at G < G..

It is in general difficult to relate explicitly the macroscopic strain rate to microscopic crack growth rates:
any such relation strongly depends on detailed assumptions about the microcrack geometry, and realistic
models tend to be intractable. However, some progress can be made if we assume that crack growth is
the limiting step to accumulate strain; this is the case for instance in time-dependent wing crack models
that assume constant friction on the sliding flaw (e.g., Brantut et al., 2012, 2014). In that framework, the
instantaneous strain rate is, to first order, proportional to the microcrack growth rate. In the regime where
crack growth is limited by reaction rate, which seems to be the dominant one observed in most fracture
growth tests in rock forming minerals (Atkinson, 1984), subcritical crack growth rate can be derived from
the theory of thermally activated process, which yields an expression of the following form: (e.g., Darot &
Guéguen, 1986; Wan et al., 1990)

—E"| . (bUG-2y)
= yyexp| — |[sinh| —————= |, 9
[] (G =m) ©
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Log. crack growth rate, In(v)

| where v is a reference, constant crack velocity, E* is an activation energy,

k is Boltzman's constant, T is the absolute temperature, ¢ is the crack
front length and b is an elementary step size associated with the subcrit-
ical cracking process. For G significantly greater than 2y, the hyperbolic
sine can be well approximated by a simple exponential function. Equa-

tion 9 implies that increasing temperature may have a threefold effect: (1)
it directly amplifies crack growth rate by a factor given by the exponential
term, (2) it reduces the sensitivity of crack growth rate to energy release
rate, and (3) potentially accelerate crack growth if y is reduced. These
effects are depicted schematically in Figure 13. Maintaining a given crack

(G?) Ge growth rate v to reflect the imposed constant strain rate in our experi-
Energy release rate, G ments, and further assuming for simplicity that y is constant, the relative
i . " . change in energy release rate AG associated with a change in temperature
Figure 13. Schematic of subcritical crack growth rate as a function of AT
energy release rate. The dashed part of the curve illustrates a potential 18
decrease in G, down to a lower value G, at elevated temperature, which i
would produce a weakening in the rate-insensitive scenario. If subcritical AG  AT|2E | 2y 10
crack growth is active (rate-sensitive case), an increase in temperature at a G Tlwe ' Gl (10)

given crack growth rate would lead to a decrease in G, effectively reducing

the strength of the rock.

The relative decrease AG/G depends on G itself, which for quartz

ranges from a lower bound 2y ~ 1 J/m? (Parks, 1984) up to around
12 J/m?, as reported from fracture toughness measurements (e.g., Atkinson, 1979). Using kinetic pa-
rameter values determined for quartz in water by Darot & Guéguen (1986), E* = 2.5 x 10™"° J/mole-
cule, b¢ = 1.8 x % m?, we find that AG/G ranges from —11.7 to — 0.59 for a temperature rise from 25°C
to 150°C. A reduction of G by around 60% corresponds to a reduction in K by around 35%, which is an
order of magnitude greater than the upper range of our observations. It is therefore unlikely that the
weakening effect of temperature is due to an increase in subcritical crack growth rates, reducing the
energy release rate (or, equivalently, the stress intensity factor) required for crack growth at a given
rate.

We attempted to further test this hypothesis by conducting two additional experiments on Bleursville
sandstone at room temperature and 150°C, an effective pressure of 100 MPa, and at a higher strain rate
of 107* s™". Figure 14 shows the stress strain curves for these additional experiments in comparison to
the experiments performed at 107> s™*
chanical behavior between the two strain rates. This is in agreement with the hypothesis that subcritical
crack growth does not control the strength at the tested strain rate. Indeed, Equation 9 implies that a
change in crack growth rate from v to v’ is associated to a change in energy release rate from G to G’
expressed as

. At a given temperature, there is no discernible difference in me-

2kT
G' -G ==—In(V'/ ). 11
B ) an

Using the parameter values obtained for wet quartz and a ten-fold increase in v, we obtain an increase in G
of the order of 1.5 J/m> This is at least a 10% increase in G, which should be observable in the stress-strain
curves. Therefore, we conclude that subcritical crack growth in regimes I and II is not likely to be the domi-
nant process controlling the strength of sandstones at the tested strain rates. This conclusion is drawn from
a simple assumption that crack growth rate reflects the macroscopic strain rate, and using parameter values
relevant to quartz only.

Even though kinetic effects may not be dominant in the range of strain rate and temperature investigat-
ed here, some evidence of time-dependent phenomena can be inferred in our data on Boise sandstone,
for which P* could be directly measured. As mentioned previously, Wong et al. (1997) have shown the
elliptical yield cap scales with the value of P*, and if this holds true for Boise sandstone the normalized
yield envelopes at both room temperature and 150°C should collapse on to one another. This is not
exactly the case (Figure 15): the normalized yield envelope at 150°C is slightly smaller than at room
temperature. The different experimental methods used to determine the yield stress in hydrostatic (P*)
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and triaxial conditions (C*) could be a cause of this small difference.
The P* stress value is obtained by increasing hydrostatic pressure in
steps, with each step occurring after the pore volume of the sample
has stopped both elastically compacting and creeping at a volumetric
strain rate of 10® s™! or less. This means that prior to each pressure
step, the majority of microcracks are in equilibrium with the chemical
environment, and any crack growth rates are below detectable labora-
tory levels. By ensuring that the pressure steps are small, it only take
minimal amounts of subcritical crack growth for the cracks to return to
—*—150°C, 1055 I . . . .
o4 equilibrium with the environment. Therefore, the sudden increase in
——20°C, 105 . . . : :
——— 150°C. 105" porosity reduction at P* should be mainly a manifestation of K; reach-

—8—20°C, 105"

Axial Strain (%)

ing Kjc (i.e., in the context of Figure 13, a sudden, dramatic accelera-
tion in crack growth rate). This is in contrast to the constant strain rate
tests, where the gradual, continuous increase in stress implies that the

3 4 5

Figure 14. Differential stress against axial strain for Bleursville sandstone  crack population is never in equilibrium with the environment and so

deformed at an effective pressure of 100 MPa at room temperature (blue) is experiencing the deformation effects of both K; approaching K;c and
. 4 —1,q: 5 —1,

or 150°C (red) at either 10~ s™ (diamonds) or 10™ s (circles). subcritical cracking. It therefore follows that the slightly larger reduc-

0.4

tion in the stress at C* than P* with increasing temperature could then
be explained by a greater contribution of chemically driven subcritical
cracking during the constant strain rate tests.

Another potential mechanism which could be considered to contribute to weakening observed at 150°C
include thermal induced microcracking and the dehydroxylation of clays. Extensive thermal microcrack-
ing caused by the expansion of constituent minerals has been observed in thermally treated unconfined
sandstone samples above 200°C, and below 200°C thermally induced microcracking has been measured
to be minimal. Using SEM imagery Jian-ping et al. (2010) concluded that for a sandstone of similar com-
position but much lower porosity, the first microcracks were detected at 140°C while at ambient pressure.
The fact that the sandstones used in this study were of a higher porosity and heated at elevated effective
pressures means that thermal microcracking is unlikely to be the primary weakening mechanism. In addi-
tion, the BSE micrographs displayed in Appendix B and Figure B1 do not show any discernible difference
between an undeformed sample of Bleursville sandstone and one which has been heated to 150°C while
at an effective pressure of 10 MPa. In addition, while significant clay dehydroxylation is expected to occur
at temperatures well above 150°C (Earnest, 1991). There is no evidence of any additional microcracking
in or around the clay particles in heat-treated, undeformed Bleursville
sandstone as shown in Appendix B and Figure B1.

While our experimental evidence suggests that a reduction in fracture
toughness has occurred, it is currently not possible to determine what

& . o o component(s) of the sandstone are experiencing the weakening. Like-
a Boise 20°C . . . .
g 035} ®  150°C] wise, the experiments on Boise sandstone suggested that increased
% 03 | ¢ crack kinetics were observed, but again it is currently unclear at this
: ]
& ° stage where the increased rates of subcritical cracking occurred. Ta-
© 025 ¢ ] ble 1 shows that in general Locharbriggs sandstone experienced the
g 02 ° smallest percentage of weakening. This sandstone was also the sand-
2 015 stone with the highest percentage of quartz and the lowest amounts
g of feldspars and clays, which suggests that the higher quartz content
& 01 may lower the weakening observed at high temperature. Neverthe-
©
£ 0.05 less, even a sandstone of nearly pure quartz could be expected to show
2 0 . . . signs of weakening at elevated temperatures as experiments carried
0.2 0.4 0.6 0.8 1 out on pure quartz sand by Karner et al. (2008) and Choens & Ches-
Normalised Effective Mean Stress (P/P*) ter (2018) demonstrated that the value of P* was reduced at 150°C by

Figure 15. The yield envelope of Boise sandstone with the values of both
differential stress and effective mean stress normalized by the P* stress

value.

~10%. These authors also explored the combined effect of strain rate
and temperature and noticed that at lower strain rates the weakening
effect of elevated temperature was greater and this was attributed to
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an increase in subcritical cracking at lower strain rates. One additional unknown factor is the role of
fluid chemistry in the weakening observed at elevated temperature; in quartz, salinity has been shown
to decrease surface energy (Parks, 1984) and increase subcritical crack growth rate (Atkinson & Mere-
dith, 1981), but the temperature dependence of those effects has not been systematically studied. The
chemical composition of the fluid may have second order impact on toughness, but could become more
significant at very low strain rates by controlling the rate of subcritical crack growth.

Overall, we interpret the weakening observed at elevated temperature in our data as a combination of a
decrease in fracture toughness and, to some minor extent, an increase in subcritical crack growth rate.
In any case, it is expected that subcritical crack growth becomes significant at lower strain rates, as
demonstrated in the both the brittle and ductile regime in sandstones (e.g., Heap, Baud, Meredith, Bell,
et al., 2009; Heap, Baud, & Meredith, 2009; Heap et al., 2015) and sand (Karner et al., 2008; Choens &
Chester, 2018). Elevated temperatures would tend to increase the threshold strain rate below which
subcritical crack growth becomes significant; this remains to be tested in detail in long-term creep
tests.

8. Conclusion

In this study, we demonstrated through triaxial deformation experiments performed on water saturated
samples of Bleursville, Locharbriggs, and Boisze sandstones, that increasing the temperature from room
temperature to 150°C weakens sandstone by an non negligible amount in both the brittle and ductile
regime. This weakening varies by rock type and the effective pressure used, but in general is more pro-
nounced in the compactive ductile regime than in the brittle regime. The yield stress in the ductile regime
was reduced by up to 33%, whereas in the brittle regime the maximum reduction observed was 18%. The
lowering of the yield stress corresponds to a shrinking of the elliptical yield envelope. The overall weak-
ening of the rocks with increasing temperature under hydrothermal conditions is interpreted as a reduc-
tion of fracture energy, possibly combined, to a minor extent, with an increase in the rate of subcritical
cracking.

Our results on sandstones are consistent with observations on sand aggregates (e.g., Choens & Ches-
ter, 2018), and demonstrate that elevated temperature facilitates cataclastic compaction processes. With
increasing depth in the crust, both confining pressure and temperature act to favor compactant deformation
of sandstones: pressure tends to promote grain crushing and porosity reduction as opposed to dilatant crack
opening, and temperature facilitates these cracking processes. Due to the thermal activation of subcritical
cracking processes, we expect temperature to have an even greater weakening effect at low strain rates,
which should be detectable in creep tests.

Appendix A: Variability in elastic behavior in Bleursville sandstone

Figure A1l presents the porosity change occurring as a consequence of hydrostatic loading from an
effective pressure of 5 MPa-100 MPa for several experiments carried out on Bleursville sandstone at
either room temperature or at 150°C. At room temperature the total porosity reduction at an effective
pressure of 100 MPa is between ~1.2% and 1.5% and at 150°C the porosity reduction is between ~1.4%
and 1.7%.

Figure A2 presents the Young's modulus calculated from the stress strain curve for every experiment in this
study at both room temperature and 150°C. It can be seen that there is no systematic measurable change as
a result of the temperature increase.
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Figure Al. Porosity change as a function of effective mean stress for the hydrostatic loading of Bleursville sandstone from
10 to 100 MPa. Blue curves indicate room temperature tests and red curves represent experiments carried out at 150°C.
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Figure A2. The Young's moduli for Bleursville, Locharbriggs and Boise sandstones as calculated from the gradient of
the quasi-linear phase of the respective stress-strain curves, at a range of effective pressures while being deformed at
room temperature (blue) or 150°C (red).
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Appendix B: Additional Micrographs

Figure B1 shows BSE micrographs of an intact sample of Bleursville sandstone next to BSE micrographs
from a sample of Bleursville sandstone heated to 150°C while at an effective pressure of 10 MPa. There ap-
pears to be no great difference between the two samples, and both just show a small number of intragranu-
lar cracks, which are either formed naturally or are induced during the coring procedure, and can therefore
assumed to be relatively consistent between samples.

In Figures B2 and B3, BSE micrographs are shown of samples which are representative of the brittle and
ductile regimes, at both deformation temperatures. Samples deformed at an effective pressure of 5 MPa, ex-
hibit very localized deformation around a sample scale shear fracture. The samples deformed at an effective
pressure of 35 MPa appear to be highly damaged in approximately one-third of the sample, and the remain-
ing part of the samples are relatively undamaged.

Bleursville, Bleursville,
P, =10 MPa, Intact.
C.

Temp. = 150°

Figure B1. BSE micrographs (64 times zoom) of a Bleursville sandstone sample heated to 150°C while at an effective pressure of 10 MPa (a) and (b), and BSE
micrographs (64 times zoom) of a Bleursville sandstone sample which has not experienced any additional pressure or temperature in the laboratory (c) and (d).

JEFFERD ET AL. 22 of 26



~~1 | . .
AGU Journal of Geophysical Research: Solid Earth 10.1029/2020JB020202

ADVANCING EARTH
AND SPACE SCIENCE

Bleursville, Bleursville,

P =5MPa, P.: =5 MPa,

Axial Strain = 1.2%, Axial Strain = 1.2%,
Temp. = 20° C. Temp. = 150° C.

Figure B2. Bleursville sandstone samples deformed at Pei = 5 MPa, and either room temperature (a, b and ¢) or 150°C
(d, e, and f) to ~1.2% axial strain before failure. Included is a photo of the sample post deformation (a and d), a BSE
scan (b and e) of nearly the whole sample (~40 mm of the 53 mm long sample is covered), a 100 times zoom of a highly
damaged area, the location of which is indicated by red box numbered 1, and a 100 times zoom of a less damaged area,
the location of which is indicated by a red box numbered 2. Note, the photo and the BSE scans are only aligned in the
direction of compression and not necessarily on the viewing axis.
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P, =35MPa, P, = 35MPa,
Axial Strain = 5.5%, Axial Strain = 4.1%,
Temp. = 20° C. Temp. = 150° C.
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(d)

(b) e) ]

Figure B3. Bleursville sandstone samples deformed at Peg = 35 MPa, and either room temperature (a, b and c) or
150°C (d, e, and f). The sample deformed at room temperature experienced 5.5% axial strain and the sample deformed
at 150°C experienced 4.1% before the experiment was ended. Included is a BSE scan (b and e) of nearly the whole
sample (~40 mm of the 53 mm long sample is covered), a 100 times zoom of a highly damaged area, the location

of which is indicated by a red box numbered 1, and a 100 times zoom of a less damaged area, the location of which

is indicated by a red box numbered 2. The sample scale scan of the 150°C sample only covers half the width of the
sample. Note, the photo and the BSE scans are only aligned in the direction of compression and not necessarily on the
viewing axis.
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